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Abstract 10 
Arctic sea ice has been affected by climate change, leading to reductions in summer sea ice 11 
extent over the past few decades, impacting nutrient dynamics, ocean temperature fluxes and 12 
the biological communities present in the ocean. Marine organic matter is a complex mixture 13 
of differentially degraded terrestrial and marine organisms from a range of sources and time 14 
periods. In this study pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) has 15 
been used to quantify the solvent-insoluble component of marine organic matter in surface 16 
sediments to gain a more holistic understanding of the macromolecular composition at five 17 
stations along a south to north transect in the Arctic Barents Sea, east of Svalbard (depths 288 18 
– 334 m.b.s.l). Two methods were compared to identify the effectiveness of rapid screening, 19 
in contrast to grouping similar pyrolysis products. There were changes in macromolecular 20 
composition of marine surface sediments across the S-N transect using both methods, 21 
highlighting the varying benthic and pelagic communities north of the Polar Front and across 22 
the variable sea ice margin, corresponding to differing biological communities (e.g. fish, 23 
phytoplankton, ice algae, zooplankton). All five stations across the changing sea ice transect 24 
were interpreted as having primarily marine surface sediment macromolecular signatures, 25 
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given their locations far from major terrestrial inputs and the more subtle changes when 26 
compared with previous investigations on the East Siberian Artic shelf. Fluctuations in 27 
macromolecular compositions across the transect included increasing N-containing 28 
compounds (including pyridines) and n-alkene/n-alkane doublet pyrolysis products from 29 
sediments collected in stations with the greatest average ice cover. If the future position of the 30 
Polar Front moves northwards then deposition of labile organic matter which appears to be 31 
efficiently processed will move further north, meaning greater deposition of organic carbon 32 
under areas of open ocean. Future research needs to understand how this OC will be buried 33 
and if it is regionally significant, given anticipated weakening stratification and a more 34 
Atlantic influenced northern Barents Sea. 35 
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Highlights 41 
• Macromolecular composition of sediments varied across the Polar Front and 42 
was primarily of marine origin at all stations. 43 
• Both methods highlighted macromolecular differences between sampling 44 
stations. 45 
• N-compounds and n-alkene/n-alkane doublets increased north of the sea ice 46 
margin. 47 
• Variations are linked to different biological communities north of the Polar 48 
Front. 49 
• Approaches which group multiple pyrolysis products can increase confidence.  50 
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1. Introduction 51 
Warming linked to recent climate change has been greatest in the Arctic leading to 52 
pronounced reductions in sea ice extent and thickness [1, 2]. Changes in the timing, extent 53 
and thickness of sea ice have complex effects on ocean stratification, currents and 54 
temperature leading to variations in algal abundance and the composition of producers and 55 
consumers present at all depths [3, 4]. For example, presence of sea ice can help maintain 56 
stratification of the water column as freshwater input helps maintain the less saline Arctic 57 
layer associated with seasonal melt. In the northern Barents Sea weakening stratification is 58 
presently resulting in a transition from a stratified Arctic ocean, to a more Atlantic influenced 59 
system [5, 6]. While the trend towards decreasing sea ice is expected overall to increase 60 
Arctic primary productivity [7], the changing position of the ice edge is a key location of 61 
production due to the supply of nutrients and upwelling which has the potential to complicate 62 
trends. 63 
 64 
Ocean sediments contain organic carbon that has been cycled through the marine food web, 65 
or delivered through ocean currents from terrestrial sources. In order to accurately understand 66 
how sea ice retreat might influence the quality of carbon burial at the ocean floor, it is 67 
important to validate the potential available quantification approaches. While the majority of 68 
studies use organic geochemical techniques to characterise the solvent-soluble component of 69 
marine organic matter (OM), these approaches ignore the substantial and often greater 70 
quantity of residual OM present in the solvent-insoluble fraction. The solvent-insoluble 71 
fraction is important both because it can contain particles transported by ocean currents that 72 
are hydrodynamically sorted [8] and since it contains a broader suite of representative 73 
compounds, compared with studies focused solely on the solvent-soluble fraction. Pyrolysis 74 
is ideally suited to the characterisation of macromolecular OM, whereby oligomers or 75 
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polymers are thermally fragmented into volatile components amenable by gas 76 
chromatography-mass spectrometry, to provide evidence of broad changes in multiple 77 
pyrolysis product compound classes. 78 
 79 
Previous studies which have applied macromolecular pyrolysis techniques to ocean sediments 80 
have focused either on broad coastal to oceanic gradients [9-11] or where specific differences 81 
exist between overlying bottom water mass composition, such as the presence of an extended 82 
oxygen minimum zone [12]. In this study we focus on a N-S transect (30 °E) spanning five 83 
stations from 74 °N to 81 °N across the Barents Sea continental shelf, where variations in 84 
macromolecular composition are expected to be more subtle, necessitating a comparison of 85 
quantification approaches. This transect spans a region where warmer Atlantic water from the 86 
south-west meets cooler Arctic currents flowing from the north and is known as the Polar 87 
Front. By controlling for depth (range 359 - 283 m.b.s.l), selecting ocean floor depressions of 88 
sediment focusing and assigning stations across a transect encompassing a range of potential 89 
sea ice maxima and minima, our analyses focus on sites where qualitatively the major driver 90 
of ocean carbon cycling is the extent and duration of sea ice cover. Generally, sea ice cover is 91 
greater further north, but due to variability the extent, thickness and drift of sea ice varies 92 
between years [13], with a present trend towards warming [5], so robust investigations which 93 
characterise sediment macromolecular composition using pyrolysis products help describe 94 
changes in carbon burial quality as a result of changes to the trophic character of the water 95 
column. 96 
 97 
The uppermost layer of marine surface sediment (0.5 cm) focused on in this study represents 98 
the most recent deposits, and has been subject to less transformation and diagenesis than 99 
deposits beneath. Despite this, the uppermost layer which forms the sediment-water interface 100 
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in these locations with relatively low deposition rates is still a time-integrated combination of 101 
multi-year deposition. The quantification approaches compared in this study both use relative 102 
abundances of pyrolysis products detected using specific ions, to facilitate proportional 103 
comparisons between samples as flash pyrolysis typically yields a large number of complex, 104 
sometimes convoluted ion chromatograms. 105 
 106 
Here we compare a method which groups a large number of pyrolysis products into class 107 
groups for interpretation [12], in comparison to an approach which uses just one or two key 108 
indicator compounds per class for rapid screening [9]. Overall, we aimed to test the 109 
applicability of these two methods for understanding ocean sediment macromolecular 110 
composition, along a changing sea ice transect, where we expected relatively subtle 111 
differences between stations. From these analyses we sought to make provisional 112 
interpretations on benthic productivity and organic matter source between ocean floor 113 
sampling stations. We expected that both approaches would provide valuable insight for 114 
disentangling terrestrial from marine sourced organic matter, but that including more 115 
compounds would make differences between class groups more pronounced.  116 
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2. Materials and Methods 117 
2.1 Study sites and sampling 118 
Samples were obtained on board RRS James Clark Ross cruise JR16006 in July 2017 from 119 
the Barents Sea. Detail on the oceanographic cruise and accompanying data is available in the 120 
JR16006 cruise report [14]. All samples were sub-sectioned from the uppermost 0.5 cm of a 121 
multicorer deployment at depths on the continental shelf ranging from 283-359 m.b.s.l. The 122 
five stations (named B13 to B17) were selected on a 30 °E south to north transect (Fig. 1) to 123 
encompass a changing sea ice transect. Cores were sliced onboard the vessel into previously 124 
ashed foil and immediately frozen (−80 °C), transported and stored (−20 °C) prior to sub-125 
sectioning and freeze drying. Samples were homogenised (agate pestle and mortar) and 126 
stored at (−20 °C) prior to extraction. 127 
 128 
2.2 Total organic carbon (TOC) analysis 129 
Freeze dried sediments were acidified using 4 M HCL to remove carbonates for 4 hours, 130 
dried overnight at 60 °C and analysed on a CS230 Carbon/Sulfur Determinator using porous 131 
crucibles (Leco Corporation, Michigan, USA). Two surface samples were analysed in 132 
triplicate and provided standard deviations <0.1% TOC. Reported values are the mean of two 133 
or three replicates. 134 
 135 
2.3 Isolation of marine organic matter (MOM) 136 
Isolation of solvent-insoluble MOM was performed with ~1 g of freeze dried sediment using 137 
a SoxtecTM automated extraction system (FOSS North America, Eden Prairie MN) in 138 
previously extracted thimbles. Solvent extraction was with dichloromethane:methanol (93:7 139 
(v/v)) using a program of 2 hours 10 minutes at 125 °C, followed by 10 minutes cooling, 140 
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repeated twice. Solvent-insoluble MOM was air dried overnight and stored at room 141 
temperature in foil capped glass vials prior to analysis.  142 
 143 
2.4 Pyrolysis-gas chromatography-mass spectrometry 144 
Online pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) was conducted in 145 
triplicate using the analytical setup described in Abbott et al. [19] with modified run 146 
conditions. Samples were weighed (c.a. 10-15 mg) into clean quartz pyrolysis tubes and 147 
plugged with solvent extracted silica wool. To assess machine stability a known amount of 148 
internal standard (5α-androstane) was added prior to pyrolysis. Py-GC-MS was performed 149 
using a pulsed-mode open pyrolysis system in a CDS 1000 pyroprobe unit (CDS Analytical, 150 
USA) fitted with a platinum coil and a CDS 1500 valved interface (320 °C) connected to a 151 
HP 6890GC split injector (320 °C) linked to a HP 5973 MSD (electron voltage 70 eV, 152 
emission current 35 uA, source temperature 230 °C, quadrupole temperature 150 °C, 153 
multiplier voltage 2200 V, interface temperature 320 °C).  Curie-point flash pyrolysis was 154 
conducted at 610 °C for 10 s (20 °C/ms temperature ramp) with products passed onto a 155 
Phenomenex ZB-5MS (Torrance, CA, USA) 60 m fused silica capillary column (0.25 mm 156 
i.d) coated with 0.25 µm 5% phenyl methyl silicone using helium as the carrier gas (1 mL 157 
min−1). The GC program was held at 40 °C for 5 mins and then temperature programmed 158 
from 40 °C-48 °C at 2 °C/min, then 48 °C-250 °C at 4 °C/min, then 250 °C-320 °C at 20 159 
°C/min and held at a final temperature for 10 mins. The HP 5973 MSD was operated in full 160 
scan mode (m/z 50-650) and Chemstation was used for data acquisition. All Py-GC-MS 161 
samples were analysed in triplicate to ensure analytical reproducibility and enable the 162 
presentation of standard deviations.  163 
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2.5 Quantification approaches and data display 164 
Method A 165 
Following Nierop et al. [12] chromatograms from each station were explored in triplicate for 166 
78 pyrolysis product compounds with 59 present and quantified in Barents Sea sediments. 167 
Identification of compounds was aided by the NIST 98 mass spectral library or by combining 168 
spectra with retention time after reference to literature data [9-12]. Peak integration of two 169 
main fragment ions for each compound was used for quantification (Table 1) and relative 170 
abundances were summed into pyrolysis product compound class groups. In total, 6 of the 8 171 
groups reported in Nierop et al. [12] were present (alkylphenols, other N containing 172 
compounds, alkylbenzenes, polysaccharides, alkylpyrroles and n-alkenes & n-alkanes (C10-173 
C23)) and results were reported as relative abundances.  174 
 175 
Method B 176 
Following Sparkes et al. [9] single ion filtering was used to measure the specific ion peak 177 
area of 9 pyrolysis product compounds (in triplicate) to represent 6 compound classes, which 178 
can be linked to marine or terrestrial sources of macromolecular material. This approach uses 179 
relative abundances but is uncorrected and so although the relative area of the major ions 180 
integrated does not correspond to an actual abundance, it can help to provide differentiation 181 
between samples [10, 11]. Similar to method A, compound identification was aided by the 182 
NIST mass spectral library or by combining spectra with retention time after reference to 183 
literature data. Compound groups integrated (Table 1) were the same as in Sparkes et al. [9] 184 
and included phenol, two pyridines, dimethylbenzene, methylcyclopentenone, two furfurals 185 
and two aromatics.   186 
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Data display 187 
For n-alkene/n-alkane distributions compound range n-C10 to n-C23 were included in method 188 
A to reflect algal contributions [12], but for completeness higher molecular weight n-alkanes 189 
(n-C24 to n-C26) have also been displayed in relative abundance graphs.  190 
 191 
To facilitate comparison in changes across the changing sea ice transect similar groups of 192 
pyrolysis product compounds were plotted together from methods A and B including 193 
alkylphenols/phenol, other N compounds/2 pyridines, alkylbenzenes/dimethylbenzene and 194 
polysaccharides/methylcyclopentenone. Alkylpyrroles (method A), n-alkene/n-alkane 195 
doublets (method A), 2 furfurals (method B) and 2 aromatics (method B) were plotted 196 
separately as these compound groups differed substantially between approaches.  197 
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3. Results 198 
3.1 Compounds detected 199 
Specific pyrolysis product compounds detected from Py-GC-MS are listed in Table 1, with 200 
their position in the chromatogram indicated on Fig. 2. Relative abundances of each 201 
individual replicate pyrolysis product and groups of pyrolysis products together with 202 
calculated mean, standard deviation (SD) and percentage coefficient of variation (CV) (also 203 
termed percentage relative standard deviation (RSD)) are provided in SI Table S1 (Method 204 
A) & S2 (Method B). Histograms display the proportional contribution from each group of 205 
compounds from methods A and B (Fig. 3). For method A 59 compounds in total were 206 
detected in Arctic Ocean (Barents Sea) sediments of the 78 reported in Nierop et al. [12] from 207 
the Arabian Sea. In contrast to Nierop et al. [12] prist-1-ene and phytadienes were not 208 
detected in the solvent insoluble fraction. Although prist-2-ene was present, it is not included 209 
as our aim was to replicate the existing method as closely as possible.  For method B all 9 210 
compounds were detected in Arctic Ocean (Barents Sea) sediments, the same as reported in 211 
Sparkes et al. [9] for sediments across the East Siberian Arctic Shelf. Aromatic moieties 212 
dominated the pyrolysis program (alkylbenzenes, furans, pyranes, alkylpyrroles, 213 
alkylpyridines, alkylindoles, alkylphenols) and a homologous series of n-alkene/n-alkane 214 
doublets (Table 1; Fig. 2, 3). 215 
 216 
Among all samples the alkylbenzenes toluene (12.1-18.7%; 12% CV) dominated the 217 
chromatograms, followed by 1,2-dimethylbenzene (2.5-3.8%; 13% CV), ethylbenzene (1.4-218 
2.6%; 14% CV), 1,3-dimethylbenzene (1.4-2.3%; 12% CV) and 1,2,3/1,2,4-tribenzenes (0.8-219 
1.3%; 20% CV & 0.6-1.3%; 19% CV respectively). 1,2,3,4 and 1,2,3,5-tetramethylbenzenes 220 
(0.4-1.0%; 31% CV & BDL-0.3%; 22% CV) were also present but at lower abundance. 221 
Among N-containing compounds pyridine (11.6-23.2%; 27% CV) and 3-methylpyridine (4.5-222 
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8.8%; 18% CV) were present in greatest abundance, with indole (0.4-1.8%; 39% CV) and 3-223 
methylindole (0.04-0.27%; 42% CV) also detected but at lower abundance. The heterocyclic 224 
pyrolysis products 2-furaldehyde (6.3-20.3%; 37% CV) and 5-methyl-2-furaldehyde (2.1-225 
5.9%; 22% CV) were also present and classified as likely products of polysaccharides. In the 226 
alkylphenols group 3- and 4-methylphenols (1.3-5.9%; 34% CV) which co-eluted in our 227 
program together with phenol (4.0-7.6%; 13% CV) and 2-methylphenol (0.4-1.8%; 27% CV) 228 
were most abundant. The alkylphenols were supplemented at the southernmost stations by 229 
lower abundances of 2-ethylphenol (B13 & B14) (0.7-1.5%; 36%) and 3-ethylphenol (B13) 230 
(0.6-0.7%; 49% CV). Also present at all stations were the alkylpyrroles 2-methylpyrrole (1.5-231 
4.5%; 37% CV), 3-methylpyrrole (2.0-4.4%; 26% CV) and pyrrole (6.0-9.1%; 15% CV), 232 
with at the southernmost stations B13 and B14 2,5-dimethylpyrrole (0.6-4.7%; 118% CV), 2-233 
ethylpyrrole (0.5-0.9%; 25% CV) and 3-ethylpyrrole (0.3-0.4%; 8% CV), together with 234 
trimethylpyrroles (0.4-0.3%; 17% CV) at B14. 235 
 236 
3.2 Proportional comparisons 237 
3.2.1 Method A 238 
‘Other N compounds’ comprised the most abundant mean contributions overall (33.1-22.0%), 239 
followed by alkylbenzenes (28.7-22.3%) (Fig. 3a). Proportionally, other N compounds were a 240 
minimum mean of 22.0% (±1.0% SD; 5% CV) at B13 and a maximum mean of 33.1% 241 
(±1.7% SD; 5% CV) at B16. The n-alkene/n-alkane doublets (C10 to C23) ranged from a mean 242 
of 4.7% (0.2% SD; 5% CV) at B17 to 5.8% (±0.6% SD; 11% CV) at B16, while 243 
alkylpyrroles ranged from a mean of 17.7% (±2.9% SD; 16% CV) at B13 to 10.6% (±0.8% 244 
SD; 8% CV) at B15. 245 
 246 
3.2.2 Method B 247 
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For method B the two summed pyridines comprised the most abundant mean contributions at 248 
all stations (52.4% (±3.5% SD; 7% CV) – 38.5% (±1.2% SD; 3% CV)), followed by 2 249 
furfurals (21.1% (±6.2% SD; 29% CV) – 35.4% (±4.7% SD; 9% CV). Dimethylbenzene, the 250 
2 aromatics and methylcyclopentenone had relatively minor contributions at all stations 251 
(range 6.3-1.6%), while phenol had a moderate contribution between 11.8% (±2.4 % SD; 252 
20% CV) and 20.6% (±1.0% SD; 4% CV). 253 
 254 
3.3 Compositional changes across the S-N transect 255 
3.3.1 TOC 256 
TOC values were higher in the southernmost stations (B13 = 2.2%; B14 = 2.5%), compared 257 
with stations to the north of and including B15 (range 1.6 – 1.7%) (Fig. 4). 258 
 259 
3.3.2 Method A 260 
Alkylphenol pyrolysis product contributions northwards, quantified using the two main 261 
specific ion peaks (Table 1) were lowest at station B15 (8.5% (±2.5% SD; 29% CV), 262 
compared with higher ratios in the two most southerly stations (B13 = 14.5% (±0.5% SD; 3% 263 
CV); B14 = 14.5% (±0.5% SD; 3% CV)) and northernmost stations (B16 = 10.3% (±1.1% 264 
SD; 11% CV); B17 = 10.4% (±0.1% SD; 1% CV)) (Fig. 4a). Similarly lowest alkylbenzene 265 
contributions were at station B15 (22.3% (±3.1% SD; 14% CV), compared with greater 266 
contributions in the southerly stations (B13 = 28.7% (±0.8% SD; 3% CV); B14 = 28.3% 267 
(±0.8% SD; 3% CV)) and northerly stations (B16 = 26.0% (±2.5% SD; 9% CV); B17 = 268 
25.3% (±1.0% SD; 4% CV)). In contrast, the ‘other N compounds’ class had peak 269 
contributions at station B16 (33.1% (±1.7% SD; 5% CV)), compared with lowest 270 
contributions at B13 and B14 (22.0% (±1.0% SD; 5% CV) and 22.9% (±0.3% SD; 1% CV) 271 
respectively). For polysaccharides the highest contributions were mid-way across the transect 272 
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at B15 (23.5% (±2.9% SD; 12% CV)), compared with mean values <14.7% at the 273 
southernmost (B13 & B14) and northernmost stations (B16 & B17). Lowest alkylpyrrole 274 
contributions were at B15 (10.6% (±0.8% SD; 8% CV)) with all other stations reporting 275 
values > 12.4%. The n-alkene/n-alkane doublets (C10 – C23) had slightly higher contributions 276 
at station B16 (5.8% (±0.6% SD; 11% CV) compared with lower contributions at the 277 
northernmost station (B17 = 4.7% (±0.2% SD; 5% CV)) and stations to the south (B13 = 278 
4.9% (±0.2% SD; 4% CV); B14 = 5.2% (±0.2% SD; 4% CV); B15 = 4.9% (±0.5% SD; 9% 279 
CV)). All n-alkene/n-alkane doublet distributions showed a general declining trend across all 280 
stations from C10 to C22, but there was greater variability in higher molecular weight even 281 
chain length n-alkanes in some replicates at stations B16 and B14 (Fig. 5). Consideration of 282 
replicate relative abundances for individual pyrolysis products (mean, SD, CV), supports the 283 
grouping approach of method A [12] for Barents Sea sediment samples (SI Table S1).  284 
 285 
3.3.3 Method B 286 
The lowest contribution of phenol quantified using a single abundant specific ion peak (Table 287 
1) was at station B15 (11.8% (±2.4% SD; 20% CV)) compared with highest contributions at 288 
B14 (20.6% (±1.0% SD; 5% CV)) (Fig. 4b). For the 2 pyridines there was a gradual 289 
increasing trend north of B14, peaking at B16 (52.4% (±3.5% SD; 7% CV)) but which again 290 
declined by B17 (45.6% (±0.6% SD; 1% CV)). Dimethylbenzene was characterised by a 291 
gradual declining trend from the southernmost station (B13, 5.2% (±0.4% SD; 7% CV)) to 292 
the northernmost station (B17, 3.1% (±0.2% SD; 6% CV)). Similarly, methylcyclopentenone 293 
also featured a declining trend from B13 (4.2% (±0.3% SD; 8% CV) northwards to B15 & 294 
B16 (1.6% (±0.1% SD; 8% CV) and 1.6% (±0.1% SD; 9% CV)), followed by an increase at 295 
the northernmost station, B17 (2.5% (±0.2% SD; 7% CV)). The 2 furfurals had subtle 296 
variations with highest contributions at station B15 (35.4% (±3.3% SD; 9% CV)) and the 297 
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lowest contribution at B16 (21.1% (±6.2% SD; 29% CV)). In contrast, the 2 aromatics had 298 
two minor increases in mean ratio at B13 (6.3% (±0.5 SD; 8% CV)) and B16 (5.8% (±0.8% 299 
SD; 14% CV), although these were within the error bars of all other samples (e.g. B14 = 300 
4.6% (±1.5% SD; 33% CV); B15 = 4.6% (±1.07 SD; 37% CV). The grouping approach of 301 
method B [9] for Barents Sea sediment samples is supported by the replicate relative 302 
abundances for individual pyrolysis products (mean, SD, CV; SI Table S2).   303 
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4. Discussion 304 
There were fluctuations in the relative abundances of pyrolysis products across the N-S 305 
transect when using both methods (Fig. 4), but the differences between compound class (Fig. 306 
3) were subtle when compared with studies which have focused on coastal to oceanic 307 
gradients [9]. The changes infer variations in macromolecular source inputs, predominantly 308 
from marine origins across the ice margin. Variability in pyrolysis product class composition 309 
across the N-S transect relates to both the seasonal ice edge, associated with phytoplankton 310 
blooms and nutrient release, together with the relative position of the Polar Front associated 311 
with Atlantic and Arctic water masses (Fig. 1). Spatial heterogeneity in primary production, 312 
water masses and the position of the ice edge cause complex and variable structural 313 
differences in zooplankton biomass [20, 21], fish assemblages [16] and benthic communities 314 
[22] in the Barents Sea, affecting the macromolecular composition of the resulting 315 
sedimentary organic matter. 316 
 317 
4.1 Spatial distribution of organisms in the Barents Sea 318 
The copepod Calanus finmarchicus dominates the zooplankton biomass in the southern 319 
Barents Sea some of which is advected from the Norwegian Sea and grazed on by capelin 320 
[21]. Capelin predation on euphausiids is a key interrelationship, with the intensity of this 321 
varying between years [23]. At the ice-edge zooplankton feed on algal material released 322 
directly from ice melt and on the secondary phytoplankton bloom once melt has progressed 323 
[24]. This provides an excellent food source for copepods such C. finmarchicus which are 324 
present mainly at the Polar Front or further south in the Barents Sea [24]. This contrasts with 325 
amphipods which are abundant in the cooler Arctic water north of the Polar Front. Highest 326 
chlorophyll a phytoplankton bloom tends to be just south of the ice edge where Atlantic 327 
waters meet cooler Arctic waters, resulting in some water mass mixing and the availability of 328 
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nutrients for primary production [20]. This contrasts with overall delivery of material from 329 
pelagic productivity in the southern sector of the Barents Sea which receives a relatively 330 
small proportion of material from pelagic productivity compared with central and northern 331 
sectors [17]. Zooplankton such as C. finmarchicus follow algal indicators closely, as 332 
evidenced by its abundance as far north as B14 in 2006 [20]. Fish species community also 333 
differs markedly south and north of the Polar Front [16]. Examples of fish found to be 334 
consistent with the Atlantic influenced southern Barents Sea include Haddock 335 
(Melanogrammus aeglefinus), Norway pout (Trisopterus esmarkii) and Golden redfish 336 
(Sebastes marinus). In contrast, examples of fish found to be consistent with the northern 337 
Barents Sea include Polar Cod (Boreogadus saida), Atlantic hookear sculpin (Artediellus 338 
atlanticus) and Eelpout (spp.) (Lycodes spp.) [16]. 339 
 340 
4.2 Changes in TOC content 341 
TOC content was highest at station B14 which is close to the mean position of the Polar Front 342 
[16] and average ice cover of 20% [17]. Higher TOC at station B14 compared with further 343 
north can be explained by higher overall production, including production by 344 
mesozooplankton [20] and proximity to the position of the ice edge during sampling and 345 
average ice edge of 20% [17,18] (Fig. 4). Marginal ice zones are characterised by high 346 
production, where the seasonal retreat of the ice edge, although varied between years causes a 347 
highly productive and nutrient rich shallow mixed surface layer [22,25]. Additionally, 348 
proximity to the Polar Front can mean greater advection of mobile organisms to this area, 349 
including fish such as capelin and high levels of biomass from euphausiids [23], contributing 350 
to higher TOC in surface sediments.   351 
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4.3 Interpretation of changes from method A  352 
The fluctuation in alkylphenol pyrolysis products around B15 could in principle have either 353 
terrestrial or algal origins (Fig. 4a). Where terrestrial inputs are considerable phenols have 354 
been suggested as representing lignin inputs [9, 10] such as on the East Siberian Arctic shelf, 355 
where major river systems deliver allochthonous material. However, alkylphenols can also be 356 
of marine origin as they can be pyrolysis products of both proteins and polysaccharides, 357 
which are contained in broad classes of organisms, both within the water column and at the 358 
ocean floor [12, 26]. Since there was an absence of catechol which would be expected if 359 
terrestrial tannins were a major input, the fluctuation in alkylphenols around B15 likely 360 
reflects lower input of recalcitrant material. B15 is proximal to both the position of the ice 361 
edge during sampling and close to the 50% mean ice cover marker (Fig. 1 & Fig. 4a) and so 362 
the fluctuation is probably explained by a change in community structure around the ice edge. 363 
Diatoms dominate ice-edge phytoplankton blooms [27], helping to explain the slight 364 
proportional decrease in alkylphenols at B15. Phenolic compounds are particularly abundant 365 
in the cell walls of brown algae [28], which are probably transported by ocean currents less to 366 
B15 which is further from Atlantic currents from the south and Arctic currents from the 367 
north. Alkylbenzenes also were lower at station B15, with for example 1,2,3,4-368 
tetramethylbenzene linked to carotenoids [12,29] and 1,2,3-trimethylbenzene to non-aromatic 369 
carotenoids which have lost methyl groups [12, 30]. Similarly, alkylpyrroles were lower at 370 
B15 and include compounds such as pyrrole and 2-methylpyrrole which have broad source 371 
origins including chitin, algae and the organic linings of foraminifera [12]. Together these 372 
variations support the notion of a distinct ecosystem, at or close to the ice margin [24], north 373 
of the Polar Front.  374 
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Higher relative values of ‘other N compounds’ like indole and pyridine at stations B15 and 375 
B16 probably reflects a distinct compositional difference in marine inputs north of the ice 376 
edge margin and close to the 50 – 70% average ice cover markers (Fig. 1 & Fig. 4a). For 377 
example, alkylpyridines have been detected in chitin from shrimp, zooplankton [12,31] but 378 
also to a lesser extent in ocean systems, in peptidoglycan which is abundant in bacteria [12, 379 
32]. Although observed zooplankton production annually is highest in the vicinity of the 380 
southernmost stations, this is highly varied between years [20,21] and the sampling strategy 381 
employed in these studies is unlikely to have fully captured activity at the ice edge. A likely 382 
explanation is the consumption of ice algae at the margin by zooplankton, a phenomenon that 383 
has been observed at sea ice margins in Hudson Bay, Canada [33] and the Canadian Resolute 384 
Passage [34]. Explaining high abundance of ‘other N compounds’ at B16 close to high 385 
average percent sea ice cover (Fig.1 & Fig. 4a), zooplankton such as copepods start feeding 386 
on ice algae when this remains attached to the ice bottom and are then supported during 387 
initial ice melt when most biomass is released and remains suspended in the upper water 388 
column [34]. Supporting this interpretation, the higher abundance of C10 to C23 n-alkene/n-389 
alkane doublets at station B16 could be partly derived from algaenans which are resistant 390 
biopolymers in the cell walls of green algae, but also by geopolymerisation [12,35,36]. As 391 
this station was under broken sea ice during sampling in 2017 and is close to the 70% average 392 
ice cover marker (Fig. 1 & Fig. 4), it is possible that much of these contributions are linked to 393 
filamentous algae which bloom on and under sea ice when nutrient rich freshwater is 394 
released, stimulating diatoms such as Melosira arctica [37]. The presence of variable longer 395 
chain, even number C24-C26 n-alkanes at station B16 and B14 (Fig. 5) together suggest an 396 
additional, distinct source at these stations, but an absence of odd over even predominance in 397 
these pyrolysates does not imply the source is unambiguously terrestrial. 398 
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The maxima in polysaccharides at station B15 (Fig. 4a) include increases in 2-furaldehyde 399 
and 5-methyl-2-furaldehyde [12, 38] which are products of polysaccharides and are abundant 400 
in organisms in the upper ocean [39]. For polysaccharides differences in compositional 401 
distribution between stations probably mainly reflects differences in algal abundance and 402 
composition [40]. Increased polysaccharides close to the position of the open ice-edge is 403 
understandable as polysaccharides are high in the presence of semi-labile organic matter from 404 
phytoplankton blooms [41], which contribute to dominant DOM flux from decaying organic 405 
matter such as algae, often by heterotrophic processes [42]. 406 
 407 
4.4 Comparisons with method B 408 
Similar to stations across the East Siberian Arctic shelf [9] all samples from the Barents Sea 409 
in this study were dominated by the 2 furfurals, 2 pyridines and phenol pyrolysis products 410 
which ranged from 84.4% (B13) to 90.9% (B15) (Fig. 3b). Despite reliance on just the 411 
compound phenol in method B (Fig. 4b) there was a similar shift around B15 to alkylphenols 412 
in method A (Fig. 4a). This shift occurs north of the Polar Front and close to the position of 413 
the ice edge observed during sampling (Fig. 1). Compared with locations on the East Siberian 414 
Arctic shelf where phenolic inputs may be elevated and a major source of phenols is riverine 415 
terrestrial plant material [9], the continental shelf east of Svalbard has fewer local potential 416 
inputs of less degraded material, helping to explain why these phenols are likely to be derived 417 
from marine protein and polysaccharides [12]. 418 
 419 
The increase in station B16 in pyridines (method B) broadly follows a similar shift to the 420 
‘other N compounds’ class (method A) which also includes pyridine (Fig. 4). This likely 421 
reflects pyrolysis products of chitin from shrimp, zooplankton [12, 31] and partly, but to a 422 
lesser extent peptidoglycan in bacteria [12, 32]. As station B16 is between the 50-70% 423 
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average ice cover markers (Fig. 1 and Fig. 4b) the presence of seasonal melt, influences water 424 
mass structure increases nutrient availability, causing increased algal abundance at the ice 425 
margin. This has a resulting positive impact on zooplankton populations providing enhanced 426 
N-containing compounds and impacts on supported fish communities such as capelin [24]. 427 
The change in methylcyclopentenone (method B) which is lower at stations B15 and B16, 428 
follows a different trend compared with polysaccharides (method A). Some studies relate 429 
methylcyclopentenone to soil polysaccharides [9, 10]. However, at these stations in the 430 
Barents Sea away from local terrestrial inputs, the source is likely to be mixed and 431 
predominantly marine. 432 
 433 
4.5 Implications for ocean carbon cycling 434 
The variations in macromolecular organic matter across the N-S transect primarily reflects 435 
the changing character of marine production across the observed ice edge (Fig. 1 & Fig. 4), 436 
north of the Polar Front which in particular become pronounced around stations B15 and 437 
B16. The ice-margin varies substantially in position seasonally and the uppermost surface 438 
layer of sediment (0.5 cm) is a time-integrated signal of multiple seasons. However, these 439 
stations are close to the ~50% or greater average ice cover marker (Fig. 1 & Fig. 4) and so the 440 
ice edge can mediate community structure and the resulting macromolecular contributions. 441 
The Polar Front is also important along this N-S transect, marking the highest overall % TOC 442 
content close to B14. Here, warm and saline Atlantic waters meet cooler less saline Arctic 443 
water masses [43] facilitating marine production. The relative abundances of summed n-444 
alkene/n-alkane doublets from the cell walls of living biomass, including algae, increases 445 
gradually from the southernmost station, significantly beyond the summer 2017 ice edge, but 446 
then sharply declines by the northernmost station (Fig 4. a). This suggests that the seasonal 447 
melt of summer sea ice shifts the composition of primary producers, altering the quality of 448 
21 
 
carbon sequestered at the ocean floor. In turn, this carbon when transferred through the food 449 
web might stimulate secondary consumption by microbes and animals at the ocean floor [44], 450 
helping to explain these distinct transitions across the N-S transect.  In future if the Polar 451 
Front moves northwards [5] and the extent of the ice edge does not reach as far south then 452 
deposition of more labile material (evidenced by deposition of N containing compounds) will 453 
move further north. Since the supply of labile organic material from the ice margin algal 454 
communities is associated with highly efficient carbon processing (evidenced by low %TOC 455 
at stations B15 to B17), then initial carbon burial rates in the uppermost layers would be 456 
expected to increase overall, as areas of open ocean tend to have surface sediments with 457 
higher TOC (Fig. 4), and less efficient processing (stations B13 and B14). Regionally, this 458 
could lead to more burial of organic carbon in the surface sediments. Further research is 459 
required to quantify the stability of this labile organic carbon burial. 460 
 461 
4.6 Comparison of techniques and future directions 462 
Both approaches used to investigate the macromolecular composition of organic matter 463 
across a S-N transect in the Barents Sea yielded informative differences between stations. 464 
Including more compounds in the index (method A) where feasible can help increase 465 
confidence in the compositional differences between stations. The selection of compound 466 
groupings need to be considered when interpreting trends as pyrolysis products (as often 467 
fragmented from larger molecules e.g. polysaccharides) are rarely unique to a specific 468 
organism. Despite this limitation, macromolecular analyses are more holistic and integrative 469 
of wider-scale changes in organic matter quality, when compared with changes in individual 470 
biomarkers (e.g. sterols [45]). Combining macromolecular analyses with pigment analyses 471 
would be useful to further refine which macromolecular compound classes are contributed to 472 
by specific algal groups, in a particular system. We did not find convincing changes in 473 
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terrestrial inputs in our macromolecular analyses, notably because changes in alkylphenol 474 
relative values northwards in a marine setting can be derived from marine organisms (e.g. 475 
from proteins and polysaccharides). Searching for unambiguous Sphagnum and lignin 476 
terrestrial biomarkers either conventionally [46-48] or using thermally assisted hydrolysis and 477 
methylation (THM) in the presence of both unlabelled and 13C-labelled 478 
tetramethylammonium hydroxide (TMAH) is one potential approach to quantify 479 
allochthonous inputs [15], however although oxic environments at the ocean floor during 480 
slow transport may degrade some of the more complex biomolecules, the C23 n-alkane, if 481 
dominant, potentially indicating OM contributions from Sphagnum and lignin should be more 482 
recalcitrant. Lignin phenols on sedimentary organic matter furthermore provide a useful tool 483 
to assess the level of degradation through the use of acid/aldehyde ratios [49,50]. An 484 
alternative approach would be to carry out macromolecular analyses on fraction separated 485 
organic matter (e.g. [8]), as it is possible different fractions may have differing terrestrial and 486 
marine sources and could enable quantification of potential long-distance transport. Despite 487 
these challenges, macromolecular compositions are likely to be useful in down-core models 488 
of organic matter reactivity and may help assess the potential for neo-geopolymerisation of 489 
macromolecular organic matter through organic matter diagenesis. 490 
 491 
5. Conclusions 492 
Changes in macromolecular composition of surface sediments across the S-N transect in the 493 
Arctic Barents Sea correspond to the varying marine benthic and pelagic communities (e.g. 494 
fish, plankton, ice algae & zooplankton) north of the Polar Front and across the variable sea 495 
ice margin. Macromolecular compositions from pyrolysis products are interpreted as 496 
primarily marine influenced given the transects location away from major terrigenous inputs, 497 
and the fact that changes were subtle when compared with macromolecular investigations on 498 
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the East Siberian Arctic Shelf [9]. Changes in the relative amounts of labile N containing 499 
compounds (including pyridines) and high relative abundances of n-alkene/n-alkane doublets 500 
from the cell walls of living biomass, such as algae correspond to stations in the vicinity of 501 
greater average sea ice cover. With movement of the Polar Front and marginal ice further 502 
north, deposition of efficiently utilised labile material is likely to move northwards resulting 503 
in increased organic carbon in surface sediments under an open ocean. Both methods 504 
compared displayed insightful changes across the S-N transect, highlighting both that rapid 505 
screening is a useful approach, but that where possible adding additional compounds can help 506 
improve confidence. Future studies should identify if increased carbon deposited under an 507 
open ocean will be buried and if this is regionally significant, given the potential for 508 
weakening stratification associated with climate change, movement of the Polar Front 509 
northwards and a more Atlantic influenced northern Barents Sea. 510 
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Tables 
Table 1: Specific grouped pyrolysis product compounds included in methods A and B and the specific ions used for quantification (m/z). 
 
Method A             
Group Alkylphenols m/z Other N 
containing 
compounds 
m/z Alkylbenzenes m/z Polysaccharides 
  
m/z Alkylpyrroles m/z n-Alkenes & 
n-Alkanes 
m/z 
Specific 
compounds 
included 
Phenol  66,94 Indole 90,117 Toluene 91,92 2-Furaldehyde 95,96 Pyrrole 52, 67 C10 – C23  
n-alke-1-enes 
55,57 
2-
Methylphenol  
107,108 3-Methyindole  130,131 1,2-Dimethylbenzene  91,106 5-Methyl-2-furaldehyde 109,110 2-Methylpyrrole  80,81 C10 – C23  
n-alkanes 
57,71 
3- and 4-
Methylphenol  
107,108 Pyridine 52,79 1,3-Dimethylbenzene  91,106 
  
3-Methylpyrrole  80, 81 
  
2-Ethylphenol  107,122 2-
Methylpyridine  
66,93 Ethylbenzene 91,106 
  
2,5-
Dimethylpyrrole  
94,95 
  
3-Ethylphenol  107,122 3-
Methylpyridine 
96,66 1,2,3-Tribenzene 105,120 
  
2-Ethylpyrrole  80,95 
  
    
1,2,4-Tribenzene 105,120 
  
3-Ethylpyrrole  80,95 
  
    
1,2,3,4-
Tetramethylbenzene 
119,134 
  
Trimethylpyrroles 108,109 
  
           
   
1,2,3,5-
Tetramethylbenzene 
119,134 
  
4-Ethyl-2-
methylpyrrole  
94,109 
  
Method B 
            
Group Phenol m/z 2 Pyridines m/z Dimethylbenzene m/z Methylcyclopentenone m/z 2 Furfurals m/z 2 Aromatics m/z 
Specific 
compounds 
included 
Phenol 94 Pyridine  79 Dimethylbenzene 106 Methylcyclopentenone 96 Furfural 96 Indene 116 
  
Methyl pyridine 93 
    
Methyl furfural 110 Naphthalene 128 
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Figures 
 
 
Figure 1: Location of Barents Sea shelf stations B13 to B17 sampled in July 2017 within the 
Norwegian sector. Bathymetric depth chart indicating meters below sea level (m.b.s.l). 
Depths of sampling were 359 m at B13 (74° 29.998 N; 30° 00.009 E), 293 m at B14 (76° 
30.055N; 30°30.241E), 317 m at B15 (78° 15.100 N; 30° 00.540 E), 283 m at B16 (80° 
07.154 N; 30° 04.069 E) and 340 m at B17 (81° 16.765 N; 30° 19.496 E). Base map adapted 
with permission from Hopkins et al. [14], using bathymetry from Jakobsson et al. [15]. 
Position of Atlantic/Arctic currents and the mean position of the Polar Front from Fossheim 
et al. [16]. Average percent ice cover from Maiti et al. [17] and Keup-Thiel et al. [18]. 
Position of first ice margin on 16/07/17 sourced from OSI SAF ice edge data (EUMETSAT).
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Figure 2: Labelled chromatogram showing pyrolysis product compounds identified as listed in Table 1.
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Figure 3: a) Histograms showing groups of pyrolysis product compounds (alkylbenzenes, 
polysaccharides, alkylphenols, alkenes & alkanes, alkylpyrroles and other N containing 
compounds) in surface sediments analysed using Py-GC-MS compiled using method A. b) 
Histograms showing groups of compounds (phenol, 2 pyridines, dimethylbenzene, 2 
furfurals, 2 aromatics and methylcyclopentenone) in surface sediments analysed using Py-
GC-MS compiled using method B.  Presented as relative abundances (RA) for stations B13 to 
B17. Error bars denote standard deviations for samples analysed in triplicate.
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Figure 4: %TOC and relative abundances of pyrolysis product compound class groups for methods A and B presented from north (B17) to south 
(B13) across the changing sea ice transect. Similar compound groups between methods A and B are aligned vertically (alkylphenols/phenol, 
other N compounds/2 pyridines, alkylbenzenes/dimethylbenzene and polysaccharides/methylcyclopentenone). Where compound groups differed 
between methods these are vertically separated (alkylpyrroles, alkenes & alkanes, 2 furfurals and 2 aromatics). Dashed line (black) indicates 
mean position of the Polar Front from Fossheim et al. [18]. Average percent ice cover (red lines) from Maiti et al. [22] and Keup-Thiel et al. 
[23]. Position of first ice margin (green dashed line) on 16/07/17 sourced from OSI SAF ice edge data (EUMETSAT). Error bars denote standard 
deviations for samples analysed in triplicate.
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Figure 5: Surface sediment sample n-alkene (m/z 55 & 57) and n-alkane (m/z 57& 71) 
distributions of pyrolysis products as relative abundances analysed using Py/GC-MS for 
stations B13 to B17. Chain lengths n-C10 to n-C23 are included in method A. Higher 
molecular weight n-C24 - n-C26 alkanes included in the chromatogram for completeness. Error 
bars denote standard deviations for samples analysed in triplicate. 
